Introduction
Dieback is defined in perennial plants as a progressive reduction in plant health resulting in the death of plant parts and often outright death of the whole plant, potentially resulting in local population extinctions, either as a gradual process over many years or as a more sudden occurrence (Manion and Lachance 1992; Ciesla and Donaubauer 1994; Pautasso et al. 2013; Steinrucken et al. 2016) . Dieback is not age-related or explained by a specific stress such as fire or prolonged flooding (MuellerDombois 1987) . Symptoms may include defoliation, browning of stems, and staining of stem tissue.
Phytophthora species are implicated in dieback of multiple tree species in Australia and around the world. Phytophthora ramorum, for example, is the cause of Sudden Oak Death (Rizzo and Garbelotto 2003; Garbelotto and Hayden 2012) and is also responsible for dieback of many other tree species including larch (Larix spp.; Brasier and Webber 2010) , beech and chestnut (Fagus spp. and Castanea spp.; Brasier et al. 2004) . Phytophthora cinnamomi causes oak decline in Iberia (Brasier et al. 1993 ) and little leaf disease in pine (Pinus spp.; Otrosina and Marx 1975) . In Australia, Ph. cinnamomi has resulted in extensive dieback of native forests and bushland (Pratt and Heather 1973) , with extensive damage to jarrah (Eucalyptus marginata) forest, as well as Prunus, Camellia, Erica, Rhododendron and Jacaranda species (Newhook and Podger 1972; Dell and Malajczuk 1989) . Phytophthora, like other oomycetes, disperse via flagellated zoospores that swim towards potential hosts, often via soil moisture or water flow (Scott et al. 2013) . Many species might also remain viable in the soil for years due to environmentally-resistant structures such as oospores and chlamydospores (Judelson and Blanco 2005) . Phytophthora often have a wide host range making them one of the most important groups of plant pathogens globally (Scott et al. 2013) .
Dieback in several important woody weedy trees and shrubs in arid, semi-arid and wet-dry tropical habitats is a widely-researched phenomenon due to the potential for the biotic causal agent(s) of dieback to be used in biological control of these invasive trees . However, most invasive plant dieback research has focused on putative pathogens derived from stem tissue, in the form of endophytic higher fungi (Haque 2015; Sacdalan 2015; Diplock 2016) , and few have considered the involvement of Phytophthora species. An exception is t h e r e s e a r c h o n E u r o p e a n b l a c k b e r r y ( R u b u s anglocandicans) decline in Western Australia (WA; Aghighi et al. 2016) , associated with Ph. cryptogea and Ph. bilorbang. Above-and below-ground biomass of blackberry decreased during regular flooding events when infected with these species, which is consistent with the common method of Phytophthora dispersal (Aghighi et al. 2016) . In other research on woody weed dieback in arid zones, Phytophthora species were likely assumed to be unimportant since many dieback-affected invasive tree species are found in very dry climatic conditions ) with little evidence of root disease, and few studies focused on sampling roots (Haque 2015; Sacdalan 2015; Diplock 2016) . If dieback is observed in regions with intermittent flooding or extended wet seasons, it is more likely that Phytophthora species are involved. We believe it is therefore important to consider the role of Phytophthora in dieback of other weed species, particularly in more mesic habitats.
Parkinsonia aculeata L. (commonly referred to as parkinsonia) is a weed of national significance in Australia (Thorp and Lynch 2000) adversely affecting livestock management, water access and biodiversity, with populations found across northern Queensland, northern Western Australia (WA) and the Northern Territory (van Klinken et al. 2009 ). Introduced from meso-America in the nineteenth century, this spiny, leguminous tree has become a target species for biological control due to its vast range, presence in remote locations and large populations (van Klinken et al. 2006) . Dieback has been observed across its invasive range for two decades with some anecdotal reporting of dieback from the 1950s (van Klinken et al. 2009 ). Despite extensive research (Toh 2009; Diplock 2016; Steinrucken et al. 2016; Raghavendra et al. 2017; Steinrucken et al. 2017) , the cause of parkinsonia dieback remains unknown.
In a molecular study using terminal-fragment length polymorphisms (T-RFLP) analysis, endophytic higher fungi community composition was shown to be related to dieback occurrence in P. aculeata (Steinrucken et al. 2016 ). However, due to the methodology, taxonomic classifications could not be attached to the operational taxonomic units (OTUs). Subsequently, pathogenicity screening of selected endophytic fungal pathogens isolated from P. aculeata tissue did not result in dieback-like symptoms or systemic infection in one-year old P. aculeata plants, despite the addition of water-stress treatments which reduced plant health . It is possible that parkinsonia dieback may be due to a combination of environmental stress factors and/or a disease complex involving multiple pathogenic species. Oomycetes have not yet been explored as potential dieback-causing pathogens in this system, but are putative pathogens in other dieback systems in Australian weeds (Aghighi et al. 2016) . No environmental surveys have been conducted to determine whether flooding is important for the onset or development of dieback in P. aculeata. However, since P. aculeata can survive for up to 9 months with the lower portion of their trunks under water, conditions which favour oomycete dispersal and infection, we have conducted the following survey of oomycetes associated with P. aculeata to determine their involvement, or lack thereof, in dieback of this invasive tree.
Materials and methods

Field survey and sampling
Four sites near Kununurra, Western Australia (WA), and three sites near Charters Towers, Queensland (QLD; Fig. 1 ) were sampled in May and October 2014, respectively. Sampling sites from both regions were alongside water bodies or in areas where flooding occurs. Only P. aculeata trees that were unambiguously healthy were classified as healthy, and trees with symptoms consistent with parkinsonia dieback, as described in the introduction, were sampled as such. We collected between five and seven roots (5-20 cm by 0.5-1.5 cm) and approximately 500 g of rhizosphere soil material from five healthy and five dieback-affected P. aculeata trees at each site. The health of trees was assessed by scoring percentage canopy and foliage cover (Steinrucken et al. 2016) , and by inspecting the tree for signs of dieback or disease such as defoliation, lesions, browning of the stems and signs of root infection. Tools were surface-sterilized between trees with 50% NaHCl for 3 min, and samples were placed in individual zip lock bags, sealed and stored at 5°C for up to 48 h before further processing.
Isolation of Phytophthora species
Zoospores from P. aculeata soil and root samples (pooled by plant) were baited in a cool, naturally-lit room, using a modified version of the method of Rea et al. (2010) . Soil and root samples from individual trees were placed in 1 L plastic takeaway containers and covered with distilled water (1:2 volume to volume sample/water). Containers were placed on a heating mat set at 28°C, and left undisturbed for 2 h to allow sediment to settle. Approximately 15 Bbaits^in the form of youngest, fully emerged leaves, picked fresh from multiple plants (Leucadendron sp., Pittosporum tobira, Scholtzia sp., Lantana camara, Melaleuca scabia, P. aculeata and Origanum vulgare) were floated on the water, lower surface down, and left undisturbed for 24 h. Baits were then checked twice a day for 5 days and any baits with brownish or watersoaked lesions were plated onto NARPH, a Phytophthora selective medium containing Nilstat, Ampicillin, Rifadin, Hymexazol and cornmeal agar (Hüberli et al. 2000) and incubated in the dark at room temperature. Once aseptate hyphae were observed growing from the plated lesion section, a random selection of isolates were examined with a light microscope to confirm isolation of oomycete species. They were then subcultured onto fresh NARPH medium and repeatedly subcultured until a pure culture was obtained, before being transferred onto half-strength PDA (potato dextrose agar; 19.25 gL
) amended with 35 mg L −1 streptomycin and incubated in the dark at room temperature. Water was carefully poured off the samples, which were then left to air-dry for 6 weeks in the bait containers. The baiting procedure was repeated, followed by isolation and culturing of recovered isolates using the methods above.
DNA isolation, PCR and sequencing of isolated species
Mycelia were scraped from pure 7-day old cultures using a sterile blade and added to 400 μL sterile H 2 O. DNA was extracted using the MO BIO Powersoil® Isolation kit Vega et al. (2010) , we were cautious in identifying isolates at the genus level or above, given the occurrence of misidentified sequences in GenBank (Vilgalys 2003) . The cut-off point for assigning species names was 99% identity; genus names was 95-99% identity, family name 90-95% identity; sequences with lower identity with members of several families were identified only at the ordinal level. Once taxa were assigned, those classified as oomycetes were MUSCLE aligned to 796 bp, and a Jukes-Cantor UPGMA phylogenetic tree (TreeBASE Submission # 20917) was built using bootstrap resampling and 1000 replicates using Geneious® v8.1.6 (Biomatters, Auckland, New Zealand). We used an Eurychasma dicksonii voucher sequence (HQ643131) as the outgroup and voucher specimen sequences downloaded from GenBank were included (when available) for each identified taxon.
Results
The symptoms of parkinsonia dieback in WA (leaf death, minimal defoliation, red streaking of the trunk and roots under the bark; Fig. 2a-c) were different to those observed in Queensland (leaf loss, no red streaking of the trunk or roots Fig. 2d-f) . In both cases, these symptoms were consistent across dieback-affected P. aculeata trees in each area. Locally-occurring species in Queensland included bellyache bush (Jatropha gossypiifolia), Melaleuca spp., Noogoora burr (Xanthium occidentale) and Lysiphyllum cunninghamii. In WA, bellyache bush, Melaleuca spp., buffel grass (Cenchrus ciliaris), caltrop (Tribulus terrestris) and Noogoora burr were most common. None of these species showed signs of dieback similar to parkinsonia dieback. At all sites, the ground beneath P. aculeata was usually bare soil and the trees were generally 1-3 m apart. During zoospore baiting, the most effective baits were leaves from Scholtzia sp., Leucadendron sp., Pittosporum tobira, and leaflets from P. aculeate. No additional taxa were isolated in the second round of baiting.
From a total of 141 isolates recovered from P. aculeata, sequence data resulted in their taxonomic classification to two zygomycetes (Rhizopus spp.), one basidiomycete (Rhizoctonia sp.) and 22 ascomycetes (mostly Epicoccum sp. and Fusarium spp.). The 37 isolates classified as oomycetes (Table 2) included fifteen which were classified as Phytophthora spp. (including Ph. nicotianae, Ph. insolita and Ph. palmivora), two classified as Pythium spp. (Py. graminicola and Py. aphanidermatum), twelve classified as Phytopythium spp. (including one Phytopythium vexans) and two Pilasporangium spp. Three were classified only to Table 2 Isolates classified as oomycetes from soil and roots of Parkinsonia aculeata, identified to closest match (CM) on the NCBI database and by phylogenetic analysis using the ITS backbone from Robideau et al. (2011) . Site of sampling in Kununurra (KWA) and Charters Towers (CTQ) from Fig. 1, and Pythiaceae, and another three only classified to Pythiales (Table 3 ). The taxonomic classifications of each isolate was supported by the phylogenetic tree (Fig. 3) . Diversity of recovered isolates was lower in Queensland compared to WA, with no isolates identified as Phytophthora spp. recovered from Queensland (Fig. 1) . Phythophthora nicotianae was isolated from two sites in WA, and Phytopythium vexans was isolated from one site in Queensland. Isolates classified as Ph. palmivora were only isolated from dieback-affected P. aculeata in WA (Table 3) . Pythium aphanidermatum was isolated from a diebackaffected tree in WA, Py. graminicola was isolated from dieback-affected P. aculeata in Queensland, and diebackaffected P. aculeata in WA.
Discussion
We isolated multiple species of Phytophthora and Pythium from the roots and soil of healthy and dieback affected P. aculeata in WA, but no isolates identified as Phytophthora spp. in Queensland. Diversity of oomycetes in Queensland was therefore lower compared to WA from where Ph. palmivora, Ph. nicotianae, and Phytopythium vexans were isolated. This is also the first time a difference in dieback symptoms for this species has been observed, which suggests that parkinsonia dieback in Kununurra, WA, may be caused by a different agent(s) or stress factor(s) than in Queensland. Future investigations should involve surveying more dieback sites and further comparisons of symptoms in the populations as well as testing of putative pathogens. Although Ph. palmivora was isolated only from samples collected in association with dieback-affected trees, this was only at one site in WA. Therefore the results from this preliminary survey did not allow us to determine if there was a significant association between Ph. palmivora or other oomycetes and P. aculeata, or parkinsonia dieback.
The most commonly isolated oomycetes were Ph. palmivora, Ph. nicotianae and Phytopythium vexans. In order to determine the likelihood of these taxa being associated with parkinsonia dieback, and their potential for use as biological control agents, we describe them in more detail below.
Phytophthora palmivora has a wide host range. Most notably it has resulted in 20-30% reduction of the global cocoa crop (Erwin and Ribeiro 1996) . Pathogenicity trials implicated Ph. palmivora in dieback of durian (Durio zibethinus) in multiple orchards in far north Queensland, causing significant root rot (Vawdrey et al. 2005) . Phytophthora palmivora has been used as a mycoherbicide for the biological control of the invasive plant, milkweed vine (Morrenia ororata), a pest in citrus orchards in Florida, USA (Templeton and Greaves 1984) . However, since Ph. palmivora is not host-specific and can persist in the soil for several seasons, the use of this mycoherbicide was restricted (Templeton and Greaves 1984) . There is evidence that both Ph. palmivora and Ph. nicotianae infect and cause rot in citrus (Widmer et al. 1998) . Phytophthora nicotianae also has a very wide host range with a cosmopolitan distribution and is a major pathogen of tobacco, ornamentals, tomato and some Banksia and eucalypt species (Erwin and Ribeiro 1996; Cline et al. 2008) .
Phytopythium vexans (formally Pythium vexans, de Cock et al. 2015) has been reported to cause root and collar rot of kiwifruit in Turkey (Polat et al. 2017) , is pathogenic to apple trees (Tewoldemedhin et al. 2011 ) and grapevines, and has been isolated from several other woody hosts . It has also been implicated alongside Ph. palmivora in dieback of durian in northern QLD (Vawdrey et al. 2005) .
Differences in the number of isolates recovered from QLD compared to WA may be accounted for by average rainfall in the time leading up to sampling (Bureau of Meteorology, 2016) . Kununurra, WA, experienced 1113.6 mm of rain in Table 3 The number of oomycetes recovered and identified in this study from dieback-affected (D) or healthy (H) Parkinsonia aculeata in Queensland (QLD) and Western Australia (WA). For those isolates identified to species or genus, reference to their association with plant disease in the literature is provided (Widmer et al. 1998; Cline et al. 2008; Valencia et al. 2011 ) Phytophthora palmivora 5 5 Multiple (Kaosiri et al. 1980; Erwin and Ribeiro 1996; Vawdrey et al. 2005 ) Pythium aphanidermatum 1 1 Bean, sugar beet, cucumber, tobacco (Middleton 1943 ) Pythium graminicola 1 1 Grasses, grains (Middleton 1943; Kageyama et al. 2005 the 5 months leading up to the sampling date in May, whereas Charters Towers QLD was at the end of the dry season and had received only 41.8 mm of rain for the same period of time before sampling in Octoberand the dry spell was preceded by a long drought (Bureau of Meteorology, 2016) . Zoospores produced by oomycetes swim in water to infect new plant tissue (Scott et al. 2013 ), a feature which zoospore baiting takes advantage of (Rea et al. 2010) . Diseases caused by Phytophthora species are therefore often correlated with increased soil moisture or rainfall, as in the case of blackberry decline (Aghighi et al. 2016) . Plants are known to become more susceptible to pathogen infection when stressed (Agrios 2005) and in the case of P. aculeata, plant vigour deteriorates significantly more under drought stress compared to inundation stress . This is especially the case with Phytophthora diseases, which frequently kill the lateral and finer roots during infection, and then during drought periods (e.g. the long, hot, dry summers in the Mediterranean climate of WA), infected plants do not have sufficient roots to extract water from soil, so they succumb (Erwin and Ribeiro 1996; Judelson and Blanco 2005) . While we did observe red streaking of the roots (Fig. 2c) , there was no evidence of dead or dying lateral or fine roots in diebackaffected P. aculeata. Despite relatively low abundance, oomycetes were isolated even in the drought-affected sites in Queensland, so it is likely that these species are able to remain dormant but viable during drought.
Oospores from species such as Ph. palmivora, and Ph. nicotianaea are particularly adapted to remaining dormant through drought, avoiding desiccation and microbial degradation due to their thick walls, chemical composition, and ability to reproduce via selfing (Ashby 1928; Kaosiri et al. 1980 ). In the case of Ph. palmivora, and likely other Phytophthora species, they may also persist in perennial water bodies (Ko 2003) , to then be moved across the landscape during flooding events. Many Australian parkinsonia populations are located in drought-affected areas that also experience seasonal flooding (van Klinken et al. 2009 ). These conditions are likely to be suited to a number of oomycetes due to their life history, since zoospores require soil moisture to move and infect new hosts (Scott et al. 2013 ). Consequently, they may take advantage of drought-stressed P. aculeata at the first sign of soil moisture sufficient for infection. Alternatively, when P. aculeata puts out new roots in more favourable, wetter conditions, the new roots are attacked by pathogens in the rhizosphere. Lower rates of infection in drier conditions may be because desiccated plants have fewer young roots to infect, however this does not necessarily make them less susceptible to infection (G.E.St.J. Hardy, unpublished data). Pathogenicity screening of oomycetes isolated from dieback-affected P. aculeata would be essential as a next step in testing this conjecture.
Although this survey did not allow us to determine whether oomycetes are associated with parkinsonia dieback, we believe it is likely that some Phytophthora species (e.g. Ph. palmivora) might be associated with P. aculeata, at least in WA. Hence, the cause of dieback in P. aculeata is, as yet, unknown, but the diversity of species isolated in this study suggest that oomycetes should be considered in future community and pathogenicity work when investigating dieback in P. aculeata. All of the oomycetes isolated in this study have relatively broad host ranges, meaning their suitability for use as biological control agents for P. aculeata is unlikely. If, after further studies, putative dieback-causing agents are identified via more extensive surveys, pathogenicity testing may determine if dieback can be used for biological control of P. aculeata and could open the door to the development of novel technology for improving management and control of widespread weed populations.
